Abstract. Potassium dihydrogen phosphate (KDP) crystal is a very crucial nonlinear optical element to double the frequency of original laser in the high-power laser system, in order to obtain the laser with desired frequency and power to realize the ignition of inertial confinement fusion. The surface defects on KDP crystal including scratch, pit, and so on will greatly reduce its resistance of laser damage, which is considered the major problem to realize high power output from the high-power laser system. Ultrasonic, as the most conventional cleaning approach has been introduced and studied in the surface purifying of large aperture KDP crystal to mitigate its surface defects, which is hardly investigated due to the brittle property and expensive price of KDP. Theoretical design and practical application of ultrasonic for large aperture KDP crystal has been specifically studied in this paper, which finally achieved the efficient and defect-free purification of KDP surface.
Introduction
Inertial confinement fusion is a cutting-edge and promising technology to solve global energy crisis as the implosion of target pellet can provide enormous green energy without pollution [1] . High-power laser system is designed and constructed to supply enough power to initiate this implosion by means of laser driven, which is theoretically calculated to be in need of several megajoules [2] . Potassium dihydrogen phosphate (KDP) crystal is found to be the suitable candidate as second harmonic generating optical element to double the frequency of original laser, in order to obtain desired laser with short wavelength. However, KDP is very precious due to its brittle, water-soluble property and expensive price, especially in large size. Thus, the manual wiping is considered the safest way to purify its surface. But this surface purification method is an obstacle to achieve high power transmission, because the manual wiping will induce a bunch of scratches owing to the low surface hardness of KDP and result in severe decrease of its resistance to the laser damage. Therefore, the realization of efficient and defect-free purification of KDP surface is the necessity to ensure the high transmission power of KDP.
Ultrasonic is a conventional cleaning approach that has been widely applied in the industrial and medical fields [3] [4] [5] [6] . Its stability and efficiency has already been proved and its theoretical mechanism is also grasped. But its application for the water-soluble and precious KDP crystal can be hardly found. In this paper, the selection of ultrasonic detergent, match of ultrasonic frequency, design of ultrasonic power distribution based on the characteristics of large aperture KDP crystal has been specifically studied to realize its efficient and defect-free surface purification.
Theoretical Analysis

Ultrasonic Detergent
KDP is water-soluble, which requires that the ultrasonic detergent must be non-aqueous. Several qualified non-aqueous detergents have been taken into account and their properties have been compared in this work. For the most important factor, ultrasonic attenuation coefficient β (representing energy loss) of these detergents is considered first and calculated according to (1) .
where f is the ultrasonic frequency, η is the viscosity of detergent, ρ is the density of detergent, C is the propagation velocity of ultrasonic in the detergent, K is the thermal conduction coefficient of detergent, C v and C p respectively represents the specific heat capacity at rated volume and pressure. This energy loss mainly contains two parts, one is from the internal friction of detergent molecules discovered by G.G. Strokes (the first part of (1)) [7] , and the other is from the thermal conduction of detergent discovered by G. Kirchhoff (the second part of (1)) [8] . Generally, the energy loss from internal friction of detergent molecules is much larger than that from the thermal conduction. Thus, the calculation of β can be simplified as the first part of (1). The detergents with small β were chosen and compared with their chemical properties, in order to select the most suitable one.
Ultrasonic Frequency
The ultrasonic frequency is related to the size of contaminant which in our work is the KDP finishing particles. According to the contaminant classification rule [9] , polishing compounds are noncavitation-resistant, implying that the ultrasonic is effective to these contaminants. In the liquid detergent, ultrasonic could bring two effects owing to the explosion of cavitated bubbles. One is the strike force that can peel the particles off, according to the cavitation effect from ultrasonic [4] . The other one is the formation of a viscous boundary layer near KDP surface due to the velocity of explosion stream, according to the Bernoulli's principle [10] . Generally, lower ultrasonic frequency would generate larger cavitated force to eliminate particles in large size. Meanwhile, the higher stream velocity generated by lower ultrasonic frequency will result in larger thickness of the viscous boundary layer, leading to the burial of particles in small size. Therefore, the match of ultrasonic frequency must consider both the cavitation strike and thickness of viscous boundary layer to realize complete eliminate of the KDP finishing particles.
Ultrasonic Power Distribution
The propagation of ultrasonic can be divided into two parts, one is named as near-field region and the other one is called far-field region [9] . In the near-field region, the propagation of ultrasonic can be considered straight and convergent due to its high directionality. In contrast, ultrasonic propagation exhibits divergent property at a certain angle in far-field region. This propagation property is directly related to the size of ultrasonic transducer. Bigger transducer leads to better directionality and longer near-field region, and vice versa. However, better directionality does not mean better purification. The distribution of transducers is individually isolated, which indicates that the ultrasonic power is also individually isolated without any overlap in the near-field region. This implies that the KDP surface is not homogeneously covered by the ultrasonic power and lot of blank space is existed. Thus, the proper use of far-field region with certain divergent angle is taken into account to realize complete ultrasonic power coverage over KDP surface.
Discussions Selection of Ultrasonic Detergent
Conventional detergent such as ethanol, acetone, and ether cannot be used in the purification of KDP crystal because they are water-soluble. The calculated β of different non-aqueous detergents are listed in Table 1 according to (1) , in which the acoustic velocity of different detergents was measured using water as a standard [11] .
As toluene and dichloromethane both possess small β, the hazard to people and environment is involved to evaluate their applicability. The boiling point of dichloromethane is about 40 ℃, which is much lower than that of toluene. This means that dichloromethane possesses larger volatility that will result in greater release of its toxic vapor in atmosphere. The dichloromethane vapor would produce virulent phosgene in case of meeting heat sources like sunlight, bringing more severe damage to the nature. Therefore, dichloromethane is prohibited owing to its hazardous chemical properties and toluene is selected as the proper detergent to be applied in the ultrasonic for large aperture KDP crystal. Figure 1 demonstrates the particle size over KDP surface characterized by SEM. It can be referred that the size of particles spans from several to hundreds micron, which means the ultrasonic frequency should cover a wide range to realize the complete elimination of these particles. In addition, it is found that in the vertical direction of KDP surface, the particle size gradually increases from KDP surface to air interface, indicating that large particles covered over the small particles. Therefore, the ultrasonic frequency should first aim to the elimination of larger particles and then to the smaller ones. As for the cavitation effect, low frequency ultrasonic is very suitable to eliminate the particles in size of hundreds micron. However, the thicker viscous boundary layer produced by lower frequency may bury and isolate small particles near KDP surface from the detergent, preventing them from peeling off. Figure 2 illustrates the relationship between ultrasonic frequency and thickness of viscous boundary layer. The thickness of viscous boundary layer generated at 40 kHz is about 3 micron, and decreases to ~1 micron when frequency reaches 180 kHz. For the small particles near KDP surface, 180 kHz is suitable because most of them could be exposed in the detergent and eliminated, but buried in the viscous boundary layer when frequency is 40 kHz. If the frequency keeps increasing to mega hertz as shown in Figure 2(c) , the ultrasonic mechanism is not cavitation anymore. Although the thickness of viscous boundary layer could further decrease to 0.15 micron, this different mechanism will bring considerable temperature rising which is fatal to the temperature-sensitive KDP crystal. Therefore, low and intermediate frequency is the proper choice to eliminate KDP finishing particles in our application. According to the previously mentioned distribution rule of KDP finishing particles, 40 kHz, 100 kHz, and 180 kHz is sequentially adopted to purify KDP crystal to eliminate finishing particles thoroughly, in which 100kHz is utilized as the compromise to cover the finishing particles in intermediate size. 
Match of Ultrasonic Frequency
Design of Ultrasonic Power Distribution
Generally, the propagation of ultrasonic can be divided into near-field region and far-field region as shown in Figure 3 (a). As discussed previously, the distribution of transducers is individually isolated, indicating isolated ultrasonic power without any overlap either in the near-field region. Thus, a lot of blank space is existed over the KDP surface (see Figure 3(b) ). Therefore, the proper use of far-field region with certain divergent angle is applied to realize complete power coverage over KDP surface. The size and distribution design of transducer is related to the ultrasonic sump size. The transducers are directly mounted in front and in back of the sump, and the sump width (the distance from front to back) is 30cm. The KDP is in the middle of this sump when purifying, indicating that the distance from transducer to KDP surface from either the front or the back is about 14cm by deducting the thickness of KDP crystal (~1cm). Based on this distance and the calculation of ultrasonic propagation property [12] , size and distribution at each frequency has been optimized according to Table 2 , in which P indicates the power reached KDP surface, and P 0 indicates the original ultrasonic power from transducer. It is found that in the proper range, no matter how the transducer size changes the area of ultrasonic power that reaches KDP surface only varies a little (hardly changes) due to the mutual confinement of near-field length and divergent angle.
Schematic diagram of ultrasonic power distribution has also been depicted in Figure 4 , in which relatively complete coverage of KDP surface and high power can be realized under selected optimal transducer size (8cm for 40 kHz, 5cm for 100 kHz, and 4.5cm for 180 Hz) for each frequency. The rest blank space can be covered when ultrasonic reflected from the opposite side. This complete and homogeneous power coverage over KDP surface is based on the sacrifice of the power density, which can be easily solved by enhancing the original ultrasonic power. 
Verification of Designed Ultrasonic Parameters in Practical Application
Ultrasonic equipment based on the previous design has been built at the professional manufacturer and practical application has been carried out upon it. The optimized ultrasonic parameters for KDP based on the previous design are applied in the practical purification process, in which the ultrasonic detergent is toluene, ultrasonic frequency and order is 40 kHz, 100 kHz, and 180 kHz, ultrasonic time for each frequency is 20 min, and the ultrasonic power is rated at 3 kW. Excellent surface purification result of ultrasonicated KDP crystal (200×200) mm can be observed in Fig. 5 , in which the original state before ultrasonication is also given as a reference. The KDP finishing particles can be hardly found after ultrasonic purification all over the surface, verifying that the previous parameter selection is reasonable and effective. Moreover, the origination to introduce ultrasonic for KDP crystal is to mitigate the surface defects especially like scratch. Figure 6 demonstrates the magnified surface of KDP crystal under manual wiping and ultrasonic purification, respectively. No scratches can be observed on the surface of KDP after ultrasonic purifying even magnified, indicating effective mitigation of surface scratch for KDP crystal using ultrasonic purification. 
Conclusions
Theoretical analyses of ultrasonic parameters for large aperture KDP crystal have been performed and equipment based on these analyses has been built and applied. Toluene is proved to be a proper ultrasonic detergent for KDP crystal, which possesses low ultrasonic attenuation coefficient and is harmless to KDP. The sequential application of 40 kHz, 100 kHz, and 180 kHz can efficiently eliminate the KDP finishing particles in the right order. Suitable transducer size about 8cm, 5cm, and 4.5cm is respectively selected for the ultrasonic frequency at 40 kHz, 100 kHz, and 180 kHz, to realize the complete and homogeneous ultrasonic power coverage over the surface of large aperture KDP crystal. High efficiency of particle elimination and scratch mitigation has been successfully achieved via the practical application of this ultrasonic technique, which verifies the efficient and defect-free surface purifying of large aperture KDP crystal.
